Discharge and electron-impact excitation lead to the production of metastable helium atoms in two metastable states, 2 1 S 0 and 2 3 S 1 . However, many applications require pure beams of one of these species or at least a detailed knowledge of the relative state populations. In this paper, we present the characterization of an original experimental scheme for the optical depletion of He(2 1 S 0 ) in a supersonic beam which is based on the optical excitation of the 4 1 P 1 ← 2 1 S 0 transition at 397 nm using a diode laser. From our experimental results and from a comparison with numerical calculations, we infer a near unit depletion efficiency at all beam velocities under study (1070 m/s ≤ v ≤ 1750 m/s). Since the technique provides a direct means to determine the singlet-to-triplet ratio in a pulsed supersonic helium beam, our results show that the intrabeam singlet-to-triplet ratio is different at the trailing edges of the gas pulse.
I. INTRODUCTION
Atoms and molecules in electronically excited states are considered as "metastable", if transitions to lower-lying energy states are forbidden by electric-dipole selection rules.
Because of their long natural lifetimes (≥ 10
−5 s) and their high internal energy (≥ 10 eV), the metastable states of the noble gases play an important role in a variety of environments including planetary atmospheres, flames and plasmas [1, 2] .
Over the years, there has been continuing interest in the use of metastable species for a variety of applications [3] . For example, metastable noble-gas species serve as sensitive probes in surface analysis techniques, such as metastable atom electron spectroscopy (MAES) and metastable de-excitation spectroscopy (MDS) [4, 5] . Metastable noble gases have laseraccessible, electric-dipole-allowed transitions to higher-lying states which also make them particularly suitable for use in laser cooling [6] . Applications of such laser-cooled species include the production of ultracold, quantum degenerate gases, precision spectroscopy and atomic interferometry [6] (and references therein), [7] . Traditionally, metastable helium atoms have also been popular test systems for new laser cooling schemes, e.g., for subDoppler cooling by velocity-selective coherent population trapping [8, 9] , for white-light cooling [10] and for bichromatic cooling [11] [12] [13] . The velocity of metastable helium atoms in a supersonic beam has also been successfully manipulated using the Zeeman deceleration technique which does not rely on laser cooling [14] .
Metastable noble gases have been subject to many fundamental studies of autoionizing collisions at thermal and at ultracold temperatures [6, 15] . For example, recent studies of reactive collisions with metastable noble gases in merged supersonic beams have enabled the observation of quantum resonances and stereodynamic effects [16, 17] . In fact, the quantum degeneracy of metastable noble gases could only be achieved by electron-spin polarizing the atoms which suppresses ionizing collisions [18, 19] .
Metastable noble gases can be produced in a variety of ways, including electron-beam bombardment, discharge excitation, charge transfer, optical pumping, and thermal excitation [3] . Among the sources, the electron-beam bombardment and discharge sources are most commonly used. Since the electron excitation energies are typically well above threshold in order to maximize the metastable production rate [20, 21] , two metastable states are populated simultaneously, the 2 3 S 1 and 2 1 S 0 states in the case of helium and the 3 P 0 and 3 P 2 states in the case of the heavier noble gases. However, many experiments require either pure beams of a single metastable species or a precise knowledge of the relative state populations.
Beam purification can be achieved in several ways, e.g., by beam deflection in a magnetic field [22] , coherent momentum transfer [23] or by transverse optical deflection [24] . State purification is also achieved by optical pumping (often denoted as "quenching"). In this scheme, the population of one metastable state is transferred to the electronic ground state via optical excitation to a higher-lying electronic state, whose decay to the electronic ground state is strongly allowed for electric-dipole radiation. There exist efficient optical pumping schemes for atomic beams of metastable helium, neon, argon and krypton [21, [25] [26] [27] [28] [29] [30] [31] [32] [33] . The de-excitation of metastable helium atoms in the 2 1 S 0 state has thus far only been attained in a supersonic beam by illuminating the atomic beam with 2058 nm light from a helium discharge lamp, which is resonant with the 2 1 P 1 ← 2 1 S 0 transition [25] [26] [27] [28] 34] . The use of a discharge lamp requires a complex, bulky setup with a coil-shaped, water-cooled lamp that encloses the supersonic beam inside the vacuum chamber. Apart from its complexity, such a setup can strongly perturb the supersonic flow and thus degrade the performance of the beam source. If the water-cooling of the lamp is not sufficient, such a lamp may easily heat up and thus prevent its continuous operation.
In this work, we demonstrate an original and very efficient approach to the optical depletion of He(2 1 S 0 ) in a supersonic beam using optical excitation via the 4
transition at a vacuum wavelength of 396.58509 nm [35] . This scheme is based on simple and inexpensive diode laser technology, which makes it suitable for many different experimental applications. We provide a detailed experimental characterization of the technique, including an examination of the quenching efficiency as a function of laser power, detuning from resonance and helium beam velocity. We also give an account of the numerical calculations used for the determination of the depletion efficiency.
II. EXPERIMENTS
A schematic drawing of the experimental setup, which consists of the optical system and a vacuum apparatus, is shown in Fig. 1 . In the following, both parts will be described in detail.
A. Vacuum Apparatus
Experiments are carried out in a set of three vacuum chambers. Inside the first chamber, a pulsed supersonic beam of metastable helium atoms is produced by a He gas expansion into vacuum and subsequent discharge excitation. The supersonic beam is generated by a high-intensity, short-pulse solenoid valve (CRUCS, d = 100 µm orifice diameter, 40
• cone, copper body) whose characteristics are described in Ref. [36] . The temperature of the valve is controlled by a cryocooler (CTI, 350CP) whose temperature is typically regulated to a set value with accuracy to within 0.1 K using proportional-integral-derivative (PID)-controlled resistive heating (LakeShore Model 325). The discharge unit used for the excitation of ground-state helium atoms into the metastable 2 3 S 1 and 2 1 S 0 states is described in a previous publication [37] and is thus not detailed here. A pulse duration of ≤ 30 µs is inferred from the sudden decrease of the plate voltage upon discharge excitation. At each valve temperature, the He stagnation pressure and the settings at the valve driver were adjusted to maximize the metastable helium signal intensity and to avoid bouncing of the valve plunger. For the measurements on optical quenching described here, valve stagnation pressures between 10-30 bar were used.
Laser excitation is done at a distance of z 0 ≈ 130 mm from the valve exit, in close proximity to the skimmer (b = 1 mm diameter, see Fig. 1 ). This arrangement avoids a repopulation of the 2 1 S 0 state by the discharge and it ensures a good spatial overlap between the laser beam and the He beam, with the tip of the skimmer serving as a handy tool for the alignment of the laser beam with respect to the He beam. After laser excitation, the beam of metastable helium atoms is monitored on a copper plate, which serves as a Faraday-cup-type detector [38] (denoted as FC 1 in Fig. 1 ), inside the second chamber. The signal is amplified using a transimpedance amplifier (Femto, DLPCA-200, 10 6 V/A gain, 500 kHz). The detection efficiency of such a detector is not well known (≈ 50 % [15] ). However, only relative signal intensities with and without laser irradiation are measured so that the absolute detection efficiency is not important for this work. To avoid the detection of ions and atoms in Rydberg states produced during the discharge process, the skimmer is biased to a voltage of -300 V relative to chassis ground.
Another set of Faraday-cup-type detectors (FC 2 and FC 3 in Fig. 1 ) is placed inside a third chamber. Since their relative distance is accurately known (224.5±0.5 mm), the longitudinal velocity of the supersonic beam of metastable helium atoms can be inferred from the difference ∆t of the time-of-flight signal intensities at the two detectors [36] .
During the experimental runs, the three vacuum chambers are held at pressures of approximately 2 · 10 −6 mbar, 2 · 10 −7 mbar and 3 · 10 −10 mbar, respectively.
B. Optical System
Laser radiation at 397 nm, used to drive the 4 1 P 1 ← 2 1 S 0 transition, is generated inside a standard, home-built external cavity diode laser system (NDU4316 laser diode by Nichia).
To allow for a straightforward frequency tuning of the diode laser, the laser frequency is locked to the output of a wavelength meter (High Finesse, WS7, 60 MHz absolute accuracy, 2 MHz relative accuracy) using digital PID control. For this, the difference between the measured wavelength and the user-set wavelength is converted into an error signal and a corresponding analog voltage using MATLAB code and a digital-to-analog converter (DAC).
This voltage is used to control the piezo element which adjusts the laser grating, and hence, the laser wavelength. The mean sampling rate and the stability of the laser lock are ≈ 100
Hz and 2 MHz, respectively. [39] The absolute frequency of the wavelength meter was initially obtained by comparing the wavenumbers of the two hyperfine-structure components and the crossover resonance in the 7 Li D 2 line [40] , obtained by Doppler-free frequencymodulation spectroscopy, with the output of the wavelength meter. During the optical depletion experiments, the resonance frequency is obtained from the measured line profile of the 4
A Fabry-Pérot interferometer (FPI, finesse F ≈ 48) and a photodiode (PD) are used to monitor the single-mode operation of the laser. A lens is attached to the entrance of the FPI unit to achieve the mode-matching for the cavity (not shown in Fig. 1 ). In addition to that, a quarter-wave plate (QWP) is inserted in front of the interferometer to prevent back-reflections into the laser diode. 
III. NUMERICAL CALCULATIONS
To quantify the depletion efficiency, we have numerically solved the rate equations for the system using Mathematica and Matlab codes following standard procedures. Even though excitation to the 4 1 P 1 state involves decay routes via eight electronic states, as shown in Fig. 2 , the process can be accurately described by a three-level model (marked in blue color in Fig. 2 ). This can be rationalized by considering that the Einstein A coefficient for the under all conditions studied here.
The rate equations for interaction with non-polarized light can be written as follows [41] [42] [43] :
where N i , N e and N f denote the populations of the 2 1 S 0 state, the 4 1 P 1 state and the 1 1 S 0 state, respectively. At t = 0, all the population is assumed to be in state i, i.e., N i = 1. The Einstein A coefficients were taken from the NIST Atomic Spectra Database [44] . During laser irradiation, the pump rate Γ ei = Γ ie is given by
It depends on the incident laser power P l , the transition frequency ν 0 , the frequency detuning from resonance δν and the interaction area A l . To simplify the calculation, an elliptically shaped light beam with a homogeneous intensity distribution is assumed, so that A l = πab, 
where c is the speed of light, and the opening angle
depends on the orifice diameter d, the skimmer diameter b and the distance between nozzle and skimmer z 0 . A Doppler shift of the spectral line is not taken into account owing to the close-to-perpendicular geometry between the supersonic beam and the laser beam.
Contributions by other line-broadening mechanisms are negliglibly small and thus not taken into account. 
IV. RESULTS AND DISCUSSION
if the same detection efficiency is assumed for both metastable states. As can be seen from Fig. 3 (b) , the singlet-to-triplet ratio is much higher at the rising edge of the helium gas pulse than at other times. This effect may be related to a more efficient collisional quenching of He(2 1 S 0 ) by thermal electrons in the central, higher-density part of the beam.
These thermal electrons are produced during the discharge process and may lead to a deexcitation of He(2 1 S 0 ) to He(2 3 S 1 ) [46] . To test this assumption, we have also measured the pressure dependence of the helium singlet-to-triplet ratio (Fig. 4) . The results from this measurement clearly show that the ratio decreases as the valve stagnation pressure p is increased, which suggests a higher rate of He(2 1 S 0 ) → He(2 3 S 1 ) conversion rate under these conditions.
Since the optical quenching efficiency does not depend on the absolute value of the singletto-triplet ratio, integrated signal intensities were used for the further analysis (integration range between 250-365 µs). Using Eq. 5, an average singlet-to-triplet ratior of 0.69 is state population is depleted over a large range of detunings. We observe that the FWHM of the depletion curves in Fig. 5 (a-c) is reduced as the laser power is decreased, which is also consistent with the measured power dependence of the He(2 1 S 0 ) state population in Fig. 5 (b). This figure illustrates that the depletion efficiency increases as a function of increasing To interpret the experimental results, a global fit procedure with two adjustable fit parameters was used for the numerical calculations. On the one hand, an effective orifice diameter d eff was used to factor in the spatially broad distribution of metastable helium atoms which results from discharge excitation. As second parameter, an effective optical intensity I eff was assumed to account for the inhomogeneous intensity distribution of the laser beam in the interaction zone. The inhomogeneous beam profile also results in a variation of the laser interaction time with the atoms in the supersonic beam. However, a change in laser interaction time is analogous to a variation of the laser intensity. Therefore, the laser inter- The true laser linewidth is probably much smaller than that, but it could not be determined to a higher accuracy owing to the low finesse of the FPI. Therefore, the uncertainty of the laser linewidth does not significantly alter the outcome of the calculations. Deviations between theory and experiment can be attributed to the assumptions made in the numerical simulation, e.g. the use of a uniform laser intensity distribution. Experimental factors, such as small wavelength drifts inside the wavelength meter due to thermal fluctuations, can also not be ruled out. The use of a double-pass configuration (mirror M6 in Fig. 1 ) indeed leads to a two-fold increase of the interaction time, as can be seen from the experimental results of a single-pass measurement (light-blue markers in Fig. 5 (d) ). Since the measurements were taken at different days, the deviation from the double-pass measurement (dark-blue markers in Fig. 5 (d) ) can be related to changes in the helium singlet-to-triplet ratio or to a different alignment of the laser beam through the chamber.
The uncertainty of the singlet-to-triplet ratio provides a lower limit to the maximum 
V. CONCLUSION
In this paper, we have described an original and very efficient technique for the optical depletion of He(2 1 S 0 ) state population in a supersonic beam. This scheme is comparably inexpensive and easily implemented using commercial or home-built diode laser systems. In the future, we are planning to use a laser lock based on saturated absorption spectroscopy.
This will ensure a continuous on-resonance operation of the diode laser, and it will avoid the use of an expensive wavelength meter.
The optical depletion scheme will be especially beneficial for collision experiments. For example, in our laboratory, this setup will be used for the study of quantum-state-controlled reactive collisions between metastable helium atoms and lithium atoms. The optical quenching of He(2 1 S 0 ) will allow us to elucidate the relative contributions of the two metastable states of helium to the reaction, and it will thus make it possible to accurately describe the different reaction channels. was blocked. To allow for a comparison with the other measurements, the plotted laser power was divided by a factor of two.
